Constraint on the optical constants of a transparent film on an absorbing substrate for inversion of the ratio of complex p and s reflection coefficients at a given angle of incidence," Appl. Opt. 26, 4717-4721 (1987) Constraint on the optical constants of a transparent film on an absorbing substrate for inversion of the ratio of complex p and s reflection coefficients at a given angle of incidence
Introduction
At a given wavelength X and angle of incidence X, the change of the state of polarization of light on reflection from an uncoated absorbing (e.g., metallic) substrate is determined by the ratio p = Rpl~s (1) of complex reflection coefficients RP and R, for the linear polarizations parallel p and perpendicular s to the plane of incidence. If the substrate is coated by a transparent thin film, the ratio is changed to p = RP/R,.
By a suitable choice of film refractive index N, and thickness d, it is possible to make
i.e., p can be inverted as has been shown recently.' In functional form, the condition of p inversion can be expressed as p(0,N2)P(,PNjRN2) = 1, (4) where N 2 = n2-jk 2 is the substrate complex refractive index and r is the film thickness as a fraction of the thickness period D¢,: If a p-inverting layer is applied to one of the two parallel (metallic) mirrors of a beam displacer (Fig. 1) , the state of polarization of light is preserved after two reflections. The insertion loss of such a device is given by the net two-bounce intensity reflectance R, which is the same for the p and s polarizations. Deviation from the exact condition of p inversion is determined by the deviation of the ratio of net complex p and s reflection coefficients (7) from 1. This can be broken down to separate magnitude and phase errors:
mag. error = Ipj -1; phase error = argpn. lel-mirror beam displacer (PPPMBD) with one coated mirror is determined along each N, = constant contour. Finally, we conclude by an error analysis for two monochromatic designs using Al mirrors to show the effects of small errors of incidence angles, film refractive index, and thickness on the performance of such a system.
It should be noted that PPPMBD in which both mirrors are coated was considered earlier by Azzam 2 and Azzam and Khan. 3 
Constraint on Optical Constants for p Inversion
Equation (4) is complex and equivalent to two real constraints. For a given o, Scan be separated from Eq. (4) leading to a constraint on the optical constants N, = n and N 2 = n 2 -jk 2 of the form f(nl,n 2 ,k 2 ) = 0. strate complex refractive index. These equi-nl contours represent the constraint on the optical constants so that the ratio of the complex p and s reflection coefficients of the film-substrate system p is the inverse of the corresponding ratio p of the uncoated substrate (i.e., p = 1) at the same angle of incidence = 450.
In this paper we consider p inversion at a given angle of incidence over a wide range of substrates, corresponding to a rectangle of size 10 X 20 in the n 2 k 2 plane, with the constraint on optical constants being represented by contours of constant N, in that plane. The variation of the associated normalized film thickness and net reflectance of the polarization-preserving paral-
This separation-of-variables method is explained in Ref. 1 and is not repeated here. Equation (9) is represented by constant-n, contours in the n 2 k 2 plane. To generate one such contour, nj is assigned a fixed value, n 2 is scanned over a certain range, and for each n 2 Eq. (9) is solved for k 2 as its only unknown by numerical iteration. Only n 1 values of >1 are taken (i.e., the film is assumed to be more optically dense than the medium of incidence), and we restrict ourselves to a rectangle of 10 X 20 size in the n 2 k 2 plane (i.e., 0 < n 2 < 10, 0 < k 2 < 20). The n values are selected to generate reasonably well-spaced constant-n, contours in the n 2 k 2 plane. Figure 2 shows a family of equi-nj contours in the n 2 k 2 plane for n values (marked by each curve) from 1.2 to 1.9 representing the constraint on the film (nj) and substrate (n 2 ,k 2 ) optical constants for p inversion at = 45°. All contours start from a common point (n 2 ,k 2 ) = (1,0). Those for n < 1.59 terminate on the n 2 axis, and those for n 1.63 terminate on the k 2 axis. Figure 2 suggests that a film with refractive index in the narrow interval 1.59 < n < 1.63 inverts p of substrates represented by points in a large part of the first quadrant of the infinite n 2 k 2 plane. Figure 3 shows the variation of the normalized film thickness required for p inversion as a function of n 2 along each constant-n, contour of Fig. 2 . Notice that 0 0 as n 2 1 and that increases monotonically (notwithstanding the down-reading scale) toward = 1/2 as n 2 increases above 1. = 1/2 corresponds to a quarterwave optical thickness at oblique incidence; this is the required thickness of the p-inverting layer when the substrate is transparent (k 2 = 0). Figure 4 shows the two-bounce reflectance of the PPPMBD plotted vs n 2 with n as a parameter along each constant-n, contour of Fig. 2 . It is evident that beam displacement with polarization preservation on double reflection, realized using a single-layer coating on one mirror, is accompanied by some insertion loss.
For the range of n 2 k 2 in Fig. 2 , an insertion loss of <3 dB (i.e., ? > 0.5) requires a film with refractive index n > 1.6 and a substrate with extinction coefficient k 2 3. 
Ill. Error Analysis
As specific examples, Table I lists two designs of PPPMBD using Al mirrors at wavelengths of 650 and 950 nm in the visible and near IR with incidence angles of 45 and 600, respectively. The optical constants n 2 ,k 2 of Al are obtained from Ordal et al. 4 The refrac- tive index n of the transparent p-inerting layer on mirror 2 is calculated as described in Ref. 1 . The required indices of -1.8 and 1.6 can be realized by coating materials such as Sc 2 0 3 and LaF 3 as given by Arndt et al. 5 and Pulker, 6 respectively. The twobounce net reflectance ] of -66 and 71% corresponds to an insertion loss of -2 and 1.5 dB, respectively, which is acceptable. second is coated with the p-inverting layer. Such a system functions as a polarization-preserving beam displacer. (8), caused by introducing one at a time angle-of-incidence errors Ai01,A0 2 of 0.10, film-refractive-index error An, = 0.01, and film-thickness error Ad = 1 nm.
The first mirror is assumed to be the uncoated one (see Fig. 1 ) where the angle of incidence is q1. These results indicate that the designs are reasonably tolerant to small angle errors (phase error <0.25°, mag. error <3.2 X 10-4) but that the film refractive index and thickness should be tightly controlled to within 0.01 and 1 nm, respectively, to avoid appreciable polarization errors.
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